PLANETARY MISSIONS: A IOOK AT ENTRY VEHICLE FROBLEMS
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Introduction

L]
The exploration of Earth's neighbor plsnets Mars and Venus presents

one of the most challenging asnd at the same time one of the most

rewarding objectives of our space program. The plenets have evolved

differently as a result of their relstive positions in the solar system
end it is of extreme interest, scientifically, to determine how the
resulting environment of Mars end Venus differs from that of Earth.

The charescter of the plsnetary stmospheres, the detalls of surface

features and the possible existence of extraterrestrisl life are of

particular interest.

Such detailed information cen be obtained only by placing measuring
instruments into the atmosphere and on the surface of the planet,
however, and it is clear that spacecraft designed for atmospheric

entry and surface landing will play ean important role in the plenetary

exploration program, Furthermore in the event of manned missions to

Mars and Venus, the requirements for return to Esrth again emphasize

the stmospheric entry aspects of the exploration program.

In the last decade a large reseerch and development effort has

been applied to the design of entry vehicles, both unmanned and manned,
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for use in the Earth's atmosphere and much of the technology produced
by this effort can be applied directly to the planetary exploration
program., There are some significant differences, however, between the
needs of past and current entry vehicles and those expected of vehicles
required for the future planetary program, snd these arise primerily
because the characteristics of the planetsry stmospheres asre different
end because in some cases the entry velepities will be grester than

those previously experienced.

We can expect that entry vehicles to be used in plsnetary missions
will be tailored to meet these new conditions, and the unmsnned Mars
entry vehicle, for example, may bear little resemblance to the ICBM
nose-cone and will therefore require & somewhat different design

approach.

In this article an attempt is made to review some of the reseerch
end development problems that arise in the design of both unmanned and
menned plenetsry entry vehicles. Greatest sttention is given to
unmenned Mars vehicles in view of the imminent needs of the plsnetary
program, and less detailed consideration is msde of manned vehicles
since our design concepts will undoubtedly change &s more informstion
cn the planetery environment becomes availsble and &s the technology

advences during the next ten to twenty years.

Unmanned Missions

The exploration of a planet whose atmosphere is not well defined

poses the problem of deciding what the first vehicle should be: &n
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entry vehicle is required to place any meesuring equipment into the
lower atmosphere &nd on the surisce, but at the same time the
atrospheric measurements are ito some extent required for proper design
of the entry vehicle. The first step must clearly be one that we can
teke with some confidence of success,uand should yield information of
scientific value (for example, messurements on the atmospheric
composition of the lower atmosphere that can shed light on the possible
existence of extraterresirial 1ife3 and information that will contribute
tc the design of future experiments in the program. Moreover, the
design concepts for the first mission vehicle should have sufficient
potential to allow growth into the subsequent, more eleborate, mission

vehicles required later in the program.

The design of the entry vehicle must evolve from a number of
inputs. Foremost among these should be a definition of the purpose of
the mission including the messurements to be made, the instruments to
be used end the manner in which data communication is to teke plsce.
In this wey the internal psyload can be described and the required
deta acquisition period, and if the vehicle is to lend the permissible
izpact decelerations, can be esteblished. Existing information on the
plenetery etmosphere, (i.e., our best estimates of atmospheric pressure,
scele height, composition, etc.) together with the expected entry
conditions, particulerly entry velocity, allows us to determine within
reasoneble bounds the problems associated with entry loads, entry

heating, communication blackout, terminal impact, etc., and these place
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further constraints on the ccnfiguration. The final design will be,
undoubtedly, a compromise which respects the technical problems

involved end still allows a worthwhile mission to be accomplished.

As & point of departﬁre into a discussion of entry vehicle design %
prcblems we cen consider a spherical atmospheric probe such as that
suggested by Sieff(l), and gore recently eleborated by Buef(z), for
use in the 1966 Mars mission. The purpose of this spherical probe
(see fig. la) is to acquire information on the atmospheric properties
by observing the motion of the sphere as it decelerates due to
atmospheric drag. The dgceleration (which is independent of the
attitude for a sphere) is measured end transmitted to the parent fly-
by spacecraft for relay to Earth, data communication taking place
after the probe emerges from blackout over & period of sbout 30 seconds.
The velocity during entry is found by integration of the deceleration
history and the altitude by a further integration with respect to
tire. F¥rom this information the variation of density and pressure
cen be determined from the drag equation. Additionelly, some information
regarding the compcsition can be determined by observation and asnalysis
of the spectrum of fediation emitted by the shock layer that surrounds
the sphere during entry. Such an stmospheric probe &ppears feasible
et the present time, providing it cen be placed on the appropriate

flight path to ensure a fairly steep entry angle, but since the

atmospheric properties are not measured directly the data obteined are

s i
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not very accurate: an errcr of %% in the sccelerometer measurement
for exemple leads to a 100% error in the value obtained for the

atmospheric density.

As we look shead to missions beyond 1966 it is clear that more
extensive measurements will be requirea,~both in the stmosphere end
on the planet surface, with correspondingly longer periods for data
communicetion, At the 1969 launch opportunity using the Atlas Centaur

Leunch Vehicle it should be possible to use a Probe/Lender (Fig. 1b)

entry vehicle to determine, in detail, conditions in the lower atmosphere

of Mers; additionally preliminary information on surface conditions
would be obtained over the time period that the lander remains in view
of the fly-by spscecraft. Such & Probe/Lender would be a very lightly
losded high-drag vehicle and would require & terminal perachute in
order to decelerate sufficiently in the tenuous Mars atmosphere. The
information gained from such & mission would be used in the formulation
cf experiments, eand for the design of sensors and other instruments

wo be used for future missions, possibly an Automated Biological
laboratory or an Automated Weather Stetion. These advanced Lander
vehicles would soft-lend with a retro-rocket system, operate for many
months, possibly & year, and could communicate directly with Earth or

use & Planetary Orbiter as z relay link (see Fig. lc).

In view of the simplicity of the sphere it is interesting to
determine whether it has general utility as an entry vehicle for use

in Mars and Venus missiocns. The history of this sphere during vertical
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entry into & planetary atmosphere is depicted in figure 2 where the
velocity is plotted ageinst en atmospheric dreg paremeter (essentially
a ballistic parameter introduced by Allen eand Eggers(B). This drag
peremeter can be interpreted in the following wey. During the time

in which the sphere decelérates from the entry velocity V., to a
velocity V it encounters & mess mg4y of the etmosphere. The drag
perameter in figure 2 is simply the ratio EEEQ end can be written

Batm ‘[;CDAdh _ ' p

m m  mg/CpA

where p, p and h are respectively the density, pressure and
altitude in the atmosphere, g is the plesnet gravitational acceleration,

Cpt dis the effective drag areaz of the sphere.

During atmospheric entry the vehicle undergoes gerodynemic heating,

I
susteins serodynamic loads (these are most severe at ﬁ:m equal to

end 1 respectively) and continues to decelerete until it passes

W -t

through sonic conditions and finally, if there is sufficient &tmosphere,
mgtm
reaches a terminal condition ——— @greater than sbout 10 typically

in which the drag force is balenced by the gravitetional force.

It is clear from figure 2 that the vehicle velocity decreases

repidly as the ratio mi:m or & Cok becomes larger, and it follows

that the value of Eﬁz required to decelerate the vehicle to terminal

conditions varies directly as the atmospheric pressure p. Now for



e T T e et ok e P e e s

-7 -

Mers, the atmospheric pressure nesr the surface is presently thought
to be &s low ss 10 mbars (compared with epproximately 1,000 mbars for
Eerth) and as & consequence terminal conditions are achieved only if

=L is less then about .2 §%%%. For Venus, however, the surface

Cpa
pressure is thought to be between 1 and 3 atmospheres and terminal

conditions ere echieved even if 2. ig s large as 20 2%2%%.

The design psrameters which characterize the spherical probe are
the ballistic parameter Eﬁg and the diameter D and it is convenient
to discuss the sphere in terms of these quantities. The constraints
which determine the permissible range of these parameters depend on
the entry velocity end entry angle and on the stmospheric properties.
The expected entry velocity is dictated by the interplesnetary trajectory
&nd is known feirly accurately and for the present it is assumed that
the entry peth is vertical., If the atmospheric properties are assumed
known (es they must be in order to arrive at a design) then all the
factors which determine the constresints can be expressed in terms of

-

— and D,
D4 :

(@]

In view of the significant differences between Mars and Venus
with respect to both the expected entry velocity and the atmospheric

pressure the problems are discussed separately for the two planets.

Teking first the case of Mars, the most significant constreint

results {rom the low atmospheric pressure at the surfece. A sphere

m = 1 slug
DA sq ft

of conventional mass to area ratio, c entering the Mars
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atmosphere (hzving a surface pressure of 11 zbars) at 25,000 ft/sec
would spend only & few seconds in the atmosphere end impact the
surface et about 10,000 ft/sec. Furthermore, under these conditions
it would suffer communication blackout throughout most of its flight
end would impsact before emerging from blackout. Clearly if the probe

is to have sufficient time to gsther and communicete data it must

m 1 slug

have & value of significently less than -———=; as the vslue
C sq ft
of EEX is reduced the sveilsble dste communication time is increesed and
D-
for —Z- = .25 S8 4pe period between emergence from blackout and
Cps sqft

impact is about 30 seconds. It seems unlikely that a significent

amount of information can be obtained in less time then this.

In order to obtain a longer deta collection period the value of
Ei; must be further reduced and for a given drag area, Cph, this
implies & reduction in peylcad mess. Here, however, it should be
remerbered that the sphere must withstand both serodynamic loads and
gerodynemic hesting and a limit is soon approached in which the entire

z8ss is assigned to the load carrying structure and to thermal protection

leaving no mass available for internal payload.

The zerodynemic loads for vertical entry into the Martian
atzosphere, st a typical entry velocity of 25,000 ft/sec, are expected
to be sbout 200 Earth g's and the convective heating approximately
the seme es that for Earth entry. Additional heating associated with

rediation from the gas layer surrounding the vehicle depends on the
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atmospheric composition, and for No-CO; mixtures (likely candidates
for the etmospheres of Mars and Venus) it has been shown that radiative
heating is significant at entry speeds as low as 20,000 ft/sec, wherees
for Earth entry this form of heating is not significant even at

30,000 ft/sec. For spheres of large dﬁameter the structural weight g
incresses more rapidly than the surface srea (due to the incressed
thickness of the structural shell reguired to maintain stiffness snd
so avoid compressive buckling) and incressed radietive heating pleces
greater demands on the thermal protection system (radiative heating

per unit erea increases directly as the diameter).

For spheres of small diameter the structural weight becomes less
significent but the convective heating (which veries as D~ 1/2)
requires & greater thickness of gblation material and the low Eﬁz
sphere cen do little more than provide itself with sufficient protection
to survive entry heating, Figure 3, which is plot of E§Z vs D on
logerithmic scéles, indicates how the designer is literally boxed in
by these constraints when he sttempts to design a spherical entry vehicle.

The lower boundary corresponds to an internal psyload of i slug representing

2
ebout the minimum mass required for a power supply and communication
system., Along the upper boundary of the design box, where EET = .25,
the minizum diemeter is 2 ft. snd the meximum useful diesmeter is § ft.
corresponding to & psyload of 3.5 slugs, the meximum possible for eny

sphere within these constraints: spheres of larger diameter would be

structurally too heavy to carry 3.5 slugs and stay within the 6§Z
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constraint, (The Centaur shroud diameter is also shown in fig. 3 but
does not provide a significent constraint since the larger spheres

would actually correspond to reduced psyloads.)

The MarsISpherical probe appears to be feasible if the internal
peyload hes sufficiently small masss and if the data collection period
is of the order of 30 secs but it offers little promise of being

useful Ior the larger payloads envisioned in future missions.

Considering now the Probe/Lander system depicted in figure 1b,
the primary constraint arises from the need to achieve a sufficiently
low velocity to allow deployment of a parachute; if & conventional

perachute is employed the vehicle must decelerate to subsonic speeds

-before reaching the surface and this requires that ng be less than

% slugs/sq ft. If in eddition the vehicle is to collect appreciable
atmospheric information before landing, it is desirable to reduce EE_
even further (to a value of sbout .15 slugs/sq £t). The limitaticns

of the sphere &s a low ng entry vehicle lead us to consider other
shapes which for one reason or ancther are more efficient. For e given
erea L the sllowsble mass incresses with the drag coefficient, and
the mass of the internal payload increasses further when the structural

weight and the thermsl protection weight (both of which vary as the

surface erea) are minimized.

Ideelly, then, the vehicle should have high drag and small exposed

surface area and still enclose sufficient volume to contzin the peyloed.
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A Ilet disc has the highest drag (CD=c 1.8) for given surface erea

but has no volume, whereas the sphere contains the meximum volume

for given surface ares but has insufficient drag., Evidently the ideal
vehicle is @ cocbination of flat disc with a sphere of sufficient
volume to contein the internal peyloa8. In general, becsuse the
required mess 1o erea ratio must be smell the sphere needed to contain
the payload has relatively smell dismeter (compered with that of in
disc). 4 cozbination of e disc and such a sphere, suitebly rounded
off to meke it serodynamically respectable, leeds to either &n Apollo-
shaped vehicle or to & shallow blunted cone as seen in figure 4. Such
shepes have drag coefficients of ihe order of 1.5 and have low exposed
surfece areas, S, leading to low thermal protection requirements
(generally speaking, a small value of the parameter‘ E§— is desirsble
end the shallovw blunted cone has a value .8 cocmpeared with 2 for a
sphere). The blunted cone tends to have better zerodynamic stability
than the Apollo shape, especially if the internal psyload mass can be
placed at the bottom of the cone, and for this reason the trend for

future unmenned Mars vehicles is likely to be in this direction.

Heving reduced the total surface area in this way further increases
in peyload can be realized only by reducing the structural and thermel
protection weights per unit area.. The thermal protection material
must itself satisfy a number of requirements, for example, it must be
cepeble of withstanding the long "cold-soek" experienced during the
spaceflight, it must have high thermal performance during entry &nd if

possible should be such as to allow communication after entry. Such
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e

nmeterials ere presently avsilsble {compounded elestromeric materials)
but the choice is extremely limited =znd there is little possibility

of reducing the thermal protection weight by any appreciable amount,

The structural weight, especielly for vehicles of large disreter,
becomes the most significant part of the total vehicle weight for any

structure under compressive loads., This is clear from figure 3 for

& sphere (since increasing the diameter merely increases the structural §

weight and actually feduces internal payload) and this is true tosome extent forall:
vehicles subject to compressive buckling. Under tensile loads however

the structural weight can be reduced sigrifi-~=ntly end a "tension

structure" for future unmanned Mars vehicles haé recently been developed

at lLengley Research Center as reported by . - Anderson(L). The

structure consists of a circular compression ring and & spherical cap
joined by e shell (see fig. 5a) whose shape is such as to be in tension
when aerodynemically loaded. The structural weight of this configurastion
is less than 30% of & sphere having the same base diameter end, for ;
lerge vehicles especially, cen lead to a major increesse in peyload.
This concept hes been tested to verify both its structural performance
and its serodynamic high-drag performsnce. In hypersonic flow &
Getached shock appeers sround the rear of the vehicle (as seen in

fig., 5b) end gives rise to higher préssures over a substantial fraction
cf the totel frontal sres (typical dreg coefficients between 1.25 and

1.5).

ey, S Tt
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The internsl peyload mzss aveilable, comprising the payloed and
retardeation system, when the temsion structure is used,is shown in
figure 6 together with the ranges of —2- in which parachute and
retro-rocket systems are reguired in order to &chieve a survivable
larding. A Mers Probe/Lender such as:that indicated in figure 1b
for the 1969-1971 period having a2 diameter of ebout 8 ft. (within the
Centaur shroud) would heve & meximum internal pesyloed between 3 slugs
and 12 slugs. For the minimum vehicle (3 slugs, representing minimum
instrumentetion, communication system, etc.) epproximately 10 minutes
of data collection time within the atmosphere would be eaveilsble in
eddition to a period of seversl hours on the surface. The vehicle
having maximum payload (12 slugs) would have negligible data collection
time within the atmosphere but would allow & heavier instrument package
to bte placed on the surface. In each case approximetely half of the
internel payload comprise instrumentation and the communication systiem,
the remaining half being required for the pzrachute and landing structure.
Feyload weight could be incressed beyond 12 slugs using a larger vehicle
{(aup to 20 ft. in diameter, say) but such a vehicle would be extremely
inefficient since most of the mass would be teken up by the structure

and thermal protection system.

More advanced vehicles such es an Automated Biological Leboratory
or en iutometed Weather Station mey be appreciably heavier than the
esrlier Probe/Lander system and tend to become extremely large in

size if serodynamic braking is the primery means of retardation. Tzs

et e T
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situation cen be improved to sore extent if a shallow entry path can

be chosen (entry at an angle =1 3C° allows the E%K to be twice

that for verticel entry) but the use of serodynamic retardation after
direct entry from the interplanetary trajectory still places a severe
constraint on Eﬂ_ (and therefore onzpaylnad mass) end it is clearly

appropriate to use some propulsive retaerdation, especially if Saturn

cless lsunch vehicles, with their incressed cspability sare used.

There remeins the gquestion whether to use propulsive breking
before or efter atmospheric entry. If direct entry is made &t &an
entry angle of 30°, even for EE- = 2, the vehicle will approach the
surface at 10,000 ft/sec and if this is reduced to zero by propulsive
reterdation the terminal vehicle weight is reduced to roughly a quarter
of the entry weight, The alternstive is to apply the 10,000 ft/sec
propulsive velocity increment prior to entry thus allowing the vehicle
to estzblish a near circular orbit sbout Mars., Subsequent entry by
orbital decay allows apprecisble atmospheric retardation even ifor
entry vehicles of conventionel design: furthermore aserodynamic heeting
and aerodynamic loads are less severe since the entry velocity is
now of the order of 12,000-15,000 ft/sec rather than 25,000 ft/sec.

If it is verified that the atmosphere is as tenuous as is presently
suggested this latter course is clearly prefersble. Terminal descent

to the surface would be accomplished with a secondary retro-rocket system.

Turning briefly now to the use of the sphere as a Venus wimospheric

probe, the bellistic parameter -2-  Qetermines the altitude st which

CpA
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the srhere emerges Irom blackout; thus if it is required to determine
properties above the cloud lsyer in the Venusian atmosphere the Eiz
must not be too large. On the other hend, in view of the relstively
lerge velue of the atmospheric pressure et the surface, & sphere of

m —

— =1 §l¥% would hasve an apprecisble daete collection pericd in the
Cpk 5q1

lower atmosphere.

The primery constreint on vehicle design for a Venus probe results
from the high entry velocity (in excess of 40,000 ft/sec) and the
corresponding high convective and radiative heating retes sustained
during eniry. Both convective and radiative heating increese with
' the bellistic psrameter 69—. Figure 7 is a plot of 6§Z ageinst D
and illustrates the several constraints which determine the permissible
design renge. A minimum internsl peyloesd curve (% slug) shows that
the sphere must have sufficiently high 69- to provide structural
end thermel protection mass, that the diameter must be sufficiently
lerge to avoid excessive convective heating but sufficiently smell to
avoid excessive radistive heating aﬁd excessive structursl weight.
Furthermore it cennot be too dense or problems arise with the packaging

of scientific equipment.

Incresses in payload mess can be realized only by increasing

-2 but here & limit is set by the fact that the vehicle Reynolds!
CpA
m

number increases with Y and turbulent heating results, with &

corresponding increase in thermsl protection requirements (ihs boundery

e s A
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indicated in figure 7 is for a Reynolds number Rp, of 10 million).
Once more the designer is boxed in by constreints in such a way that
the maximum payload thet can be carried by a spherical probe is about

2 slugs. ; !

These constraints are more severe than those for the Mers probe
end the means of enlarging the design range are not completely clear:
rediztive heating cen be reduced apprecisbly by using & cone-shaped
entry vehicle as shoun by Allen(5) but even when rediative
heating is discounted, turbulent heating asnd large structural weight
preclude the use of larger or heavier vehicles. The alternstive is
to reduce Eﬁ; and use & lighter structure; so again the low Eﬂ—

tension structure, now having smezl]l nose radius, oifers & possible

solution.

The successful development of entry vehicles for the Planetary
Exploration Frogram depends to a large extent on the strength of the
supporting resesrch and technology program. Instrumentation for the
first missions has, to a large degree, already been developed and in
some cases flight tésted; the question of the performance of these
instruments efter sterilization, at present & requirement for all
plenetary vehicles, is still unanswered however. Our understanding of
the problems of communication from an entry vehicle is such that data
trensmission before and after 'blackout! cen be made with little
difficulty. In recent years considerable experience has been gained

in this srea in connection with Earth entry flight progr@:s, for
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exerple the RAM Program and Project Fire, and the techniques developed
there can be used with little modification., The eerodynamics of the
spherical probe &re well known, of course, but for more complex shapes
further research is needed on the sercdynemics, (dreg, stebility,
convective and rediative heating throggh & lerge range of engle-oi-
ettack), on the stability of lightweight structures and on seroelastic
effects which mey be associated with the vehicle oscilletion during

stmospheric entry.

The problem of thermal protection for Mars entry vehicles is
similar to thai for Easrth entry from a circular ofbit‘and is not of
ma jor concern. For Venus probes, however, eniry heating, particularly
rediztive heating, is much more severe &nd the thermai performance
oI the ablation shield is & criticel fector in vehicle design. The
mechanism of eblation under conditions of high radiative heating rates
and high aerodynemic shear stress is not completely understood;
furthermore, present test facilities cannot produce the appropriate
entry environment and theylack of experimental data has prevented
much progress in this area. The msierial needed here must sustsain
high surface temperatures to re-radiate & substantial amount of hesat,
it must have a large heat of sublimetion end must resist mechenicai
cshesr, Of the many materisls considered, phenoclic nylon end phenolic
graphite appear &s likely candidates and are presently included in
a progrem of ground and flight tests to be carried out at Langley Resesrch

Center,



The development phase for unmanned entry vehicles requires an
extensive test program, especially in view of the requirement for
sterilization and t%? uncertainty thet this igtroduces to the
relizbility of ccmponents and subsystems. For the Mars entry vehicles
much oI the system development can betcarried out in ground facilities
but & final test of the complete prototype vehicle in the Ekarth's
stmosphere would qualify the systea for mission use. Such a test,
with en appropriately chosea enitry angle, would simulate aerodynamic
loads, entry dynemics, convective heating and blackout, end would
verify the performance, after sterilizec%ion, of the integrated system

including the heat shield and structure, instrumentation, communication

system and parachute.

Vanned Missions

Although manned missions to the planets sre much further in the
future than the unmeanned missions they have already become the subject
of considereble snalysis end discussion. Because of the current view
thet Mars offers a more hospitable climate than Venus, most studies of
manned missions heve considered landing on Mars and returning to Earth
efiter & short period of exploration. Such studies, even one or two
decades before the mission appears likely, are valusble inasmuch as
they allow en assessment of program needs perticulerly with respect to
pew lsunch vehicles and advanced propulsion, Detailed studies of

subsystems, even of a major subsystem such as the Earth Eniry Vehicle,
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cen represent only the present stete of the art, however, and with
the rapid growth in techrology that undoubtedly will occur during
the next twenty years, the mission asrticle of 1980 may bear little

reletion to the concept of 1964.

With these reservations in mind the following discussion will
attempt to summerize the present position with respect to Menned
Entry Vehicles and to make tentative suggestions as to the possible
directions that our research and development effort will teke in the

entry vehicle technology aresa.

The use of aerodynamic brazking has long been recognized es e
desirsble alternative to propulsive braking &s a means of reducing
overzll mission weight or alternative1y>of reducing overall mission
duretion. More recently studies have suggested that entry velocities
into the Earth's stmosphere (upon mission return from Mers) which
tend to be in the renge 50,000 to 70,000 ft/sec for missions of short
duration can be reduced to the range 43,000 to 49,000 ft/sec by the
use of what has been termed the Venus Swingby Mode - this mode, reported
recently by . . Syvertsbn and ‘" .}Dennis(é), essentially reshapes
the return trajectory by passing thrbugh the Venus gravitational
field to one more aligned with the Eerth's path around the Sun. The
variation within this range results from the changing relative positions
of Zarth, Mars, and Vezus during a 15 year cycle. Entry velocities

into the Martian atmosphere lie in the range from 20,000 ft/sec to
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30,000 ft/sec for direct entry &nd breking into orbit and in the
renge 12,000 ft/sec to 16,000 ft/sec {or descent from & captured

elliptic orbit ebout Mars,

Lerodynamic braking, while extremely useful, slso carries its
own penalties of course and these are bestowed upon the entry vehicle.
Il stmospheric breking is used as a means of establishing a Msrs
cepture orbit, the "entry vehicle" is in fact the whole mission
vehicle including a Mars Excursion‘Module, the Spaceflight Living

Module, the Return Propulsion Module and the Earth Entry Vehicle and

this whole system must be designed to withstand entry loesds end entry

heating,

The vehicle design involves a compromise between entry guidance

end control problems, aggravated here by possible fuel-slosh effects,

end the szerodynamic problems associated with the provision of sufficient

1ift to ensure a wide enough entry corridor. For entry at 25,000 ft/sec

end an allowable undershoot deceleration of 6 Eerth g's, a lift-to-
drag ratio, % = .3 is required to allow a ‘1° range of entry angle.
This veries approximately lineerly so that % = 1 is required for a
3° range in entry engle. Cleerly the additional structure and thermsl
protection weight necessary to convert the space vehicle to & 1ifting
entry vehiclé will be more then ofiset by the saving in fuel weight
required by retrobraking, but irom an operationel point of view it

may not be desireble to commit the entire vehicle to the severe

environment of atmospheric entry half way through the mission. Cnce
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the Martian orbit hzs been establiished entry of an Excursion Module
dces not involve either exireme heating or extireme loads and the

design of this vehicle is well within the present state of the art.

Earth entéy, ﬁt the terminetion of the missioﬁ, is gquite a
éifferent problem however end represents & mejor step beyond Apollc:
even entry velocities of 45,000 ft/sec are expected to produce
substantially greeter heating rates due primerily to gas-cap redistion
ancd this eifect togethér with the greater need for aerodynzmic 1ilt

will be reflected in the entry vehicle configuration.

Radiative heating cen be glleviated, at the expense of moderzte
increases in convective heating, by providing the vehicle with a
forebody that has & small nose radius and is swept back to ensure that
the coxzponent of velocity normal to the shock is appreciebly .
reduced. The width of the entry corrider between the 12g (undershoot)
end the atmospheric cepture (overshoot) boundaries depends primerily
on the entry velocity and the vehicle %. Lcceptsble entry corridors
(between 12 end 25 miles in width) cen be achieved using feirly simple
entry procedures even at speeds approaching 60,000 ft/sec providing
the vehicle has % neer unity, as seen in figure 8. Increases in
corridor width can be realized by the use of 1ift modulation &s
suggested by Love(7). This requirement for % approsching 1
also forces the vehicle design swey from the very blunt forebcdy that
characterizes Mefcury and Apollo end toward tze swept-back lifting

body: fortunately this trend is compatible with that required to

reduce radiative heating.
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Fresent concepts of the Eérth entry vehicle stem from modificstions
either to the Apollo or to the lifting (F ~1) entry vehicle. Figure 9
shows an Apollo of elliptical cross-section matched to a conical
forebody which provides 1ift and reduces radistive heating, whereas
figure 9b shows a>lifting body havingaaerodynamic control surfaces.

Fech of these configurations, and indeed any othe; that could be
suggested at the present time, would regquire substantiel research and
development for use at eniry speeds of 45,000 ft/sec or more (although
it is probebly true to say that they ere within the present state of

the ert for entry up to 30,000 ft/sec).

Both the total heat input and the maximum heet transfer rates
experienced during entry are so great that an eblation shield is
required for all parts of the vehicle that tsee! the flow and over
the nose and leesding surfaces appreciable‘ablation would teke place if
eny meterials currently availeble were to be used - estimates suggest
thet approximately 20% of the total vehicle mass would be lost by
eblation et an entry speed of 50,000 ft/sec. Presumebly jet reaction
controls could be used to avoid the problems that would arise with
exposed serodynamic conirol surfaces but even with this simplification
the changes in surface shape involved could eassily affect the zerodynamic
cheracteristics of the vehicls et & critical period of the entry near

peek deceleration,

4 better definition of the entry heating environment, &t speeds

up to 50,000 ft/sec and the performance of materials in this environment,
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is particulerly important before future mission vehicles can be designed
with confidence., Questions regerding the magnitude of radistive &nd
convective heeting at high enthalpy levels, the meintenance of leminar
flow over ableting surfacgs, and additicnal radiation from sblstion
products can have an importent effect on vehicle design and although
soze of the snswers will be obtained in ground facilities it will bLe

necessary to pursue flight test programs,

The recent successful flight of the Project Fire entry vehicie
is an indicetion of the trend in this direction: in this flight
detailed measurements were made of the spectral distribution of rediation
from the gas cep, the total radiative heating and the convective
heeting experienced during entry at 37,800 ft/sec. The vehicle weighed
185 Ibs. and required an Atles launch vehicle to provide the desired

high velocity at entry.

But even in flight the proper simulation of the entry environzent
is by no meens straightforward, Manned entry is characterized by
shallow angles and long duration heating (resulting from the requirement
of low deceleration) and this type of entry is difficult to achieve
with & ballistic vehicle. The use of lifting vehicles in such & test
program is desirable but et the same time represents additionsl
cozmplications from the point of view of guidance and contrcl. The Asset
progremn has teken the first steps in this direction but the extension
of this technigue from speeds of 16,000 ft/sec to speeds ia excess of
40,000 ft/sec would involve design problems approaching those of the

mission vehicle itself,
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£n zlternetive end simpler method that is worth consideration is
to use a spin-stebilized ballistic vehicle which enters at a shallow
engle, pesses through the szimosphere, (see fig. 10) and exits into
e close earth:orbit. Data would be recovered by telemetry during exit

and prior to the second entry after completion of one orbit.

It is evident that future menned planetary missions will regquire
entry vehicles that are entirely different from the existing psttern
set by Mercury, Gemini and Apcllo, whose origins lie in the ballistic
missile technology. The future menned entry vehicles sre mere likely
to evolve from the swept back lifing-body concepts that have recognized
from the very beginning the particular needs, snd the particulsr
aéventeges, of man in the system. The technology for the lifting-body
cless of vehicles can already support flight articles at orbitsl speeds
end with & vigorous entry technology program in the next decade it
should be possible to extend their capabilities to include Earth entry

irom plsnetary missions.
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